Various federal and state programs mandated to protect human health from releases of chemicals into the environment prescribe the performance of a risk assessment to evaluate exposures to chemicals (1) (2) (3) (4) . An essential element of a risk assessment is a quantitative estimate of exposure (5, 6) . Environmental exposures are typically quantified as the product of the concentrations of the toxicants in the media of exposure and the media contact rates normalized to body weight (7, 8) . Other factors that influence exposure, such as the physiochemical characteristics of a toxicant, also need to be addressed.
Default point estimates of media contact rates such as ingestion of 2 liters of water a day (9) or the inhalation of 20 m3 air a day (10) (15) , inhalation rate (16) (17) (18) , dietary intake (19) (20) (21) , soil ingestion (22) , soil dermal adherence (23) , body weight (24) (25) (26) (27) (28) and residency duration (29, 30) . Recommendations as to how to employ distributions of these parameters in probabilistic risk assessment are the focus of several reports (31) (32) (33) (34) (35) .
Quantitative estimates of inhalation exposures have been based on ventilation rate and time of exposure valuations. Given that both of these parameters will vary among humans, efforts to ascribe a range or a distribution to inhalation exposure estimates must address the variability of both these parameters. Variation of ventilation rate within the population is probably due to physical activity, age, and gender. These sources of variability will be addressed to establish the variability in ventilation rates within the population.
The results of this study, and of a companion study that segments time spent at various physical activities, will allow for quantitative estimates of the range of inhalation exposures to environmental toxicants. Distributions of ventilation rates, body weight, and time spent in various activities are employed to construct an overall distribution of exposure. Relationships (dependence) between these variables is explored so that an overall joint distribution of inhalation exposure can be developed.
Materials and Methods

California Air Resources Board Study of Ventilation Rates
Analyses were performed on results of a study conducted by the Human Performance Laboratory of the Physical Education Department at the University of California at Davis for the California Air Resources Board (CARB) (36) . The study's subject population of 160 was selected to approximate California's major ethnic groups (55% Caucasian, 27% Hispanic, 9% Asian, and 8% black). Male and female participants that were representative of four age groups (children between 6 and 12.9 years of age, adolescents between 12 and 18.9 years, adults between 19 and 59.9 years, and adults over 60 years) were recruited from local schools, senior centers, and the university community. Individuals with cardiovascular or pulmonary disease or musculoskeletal impairments were excluded from the study. None Once distinct clusters were identified, the k-means procedure was employed to assign individual activities to the various clusters. The advantage of this procedure is that Ve means are moved from cluster to cluster, whereas the joining procedure permanently places Ve means into clusters. Assignments to the clusters were made to minimize the variance within clusters and maximize variance between clusters.
A one-way analysis of variance was employed for each gender at each of the three ventilation levels to identify significant differences ofVe between adults, older adults, and adolescents. In addition, significant differences between males and females and children and adults (adults, older adults, and adolescents) were investigated using a two-way analysis of variance.
Establishing Distributions ofVe
Distributions were established for each ventilation level within each age-gender group in the CARB study. Visual inspection of the histograms of Ve suggested lognormal or gamma distributions. Lognormal and gamma distributions of Ve were assessed using the chi-square goodness-offit test and a nonparametric test based on the Kolmogorov-Smirnov test statistic.
Dependent Observations
Since Ve values for multiple activities were obtained from each subject, the observations cannot be considered independent. Therefore, the effect of this dependence on the variance of Ve was evaluated. The impact of dependence upon the magnitude of the variance was measured by comparing the expected value of Sve2 under the assumption of independent observations versus dependent observations (see Appendix).
Correlation with Body Weight
To use a multivariate exposure model, correlations between the variables must be addressed. Pearson's correlation coefficient, R, was used to measure the linear relationship between Ve and body weight.
Results
Establishing Distinct Ve Levels
The physiological changes that take place as one ages are likely to alter the amount of air breathed due to effects on Ve for various activities and differences in the types and amount of physical activity engaged in. Also, physiological differences between males and females may cause disparities in inhalation rates. Hence, the population and sample were segregated into age and gender groups. Cluster analyses were performed on combined adult and adolescent males (.13 years of age), combined adult and adolescent females (.13 years of age), and also on combined male and female children (6-12.9 years of age).
Each of the three clustering algorithms yielded dendrograms of the Ve means of the various activities (Fig. 1) . For both adult groups, the analysis yielded three distinct clusters of the mean Ve. There was a large Euclidean distance before joining three clusters into two clusters as compared to the distance between joining four clusters into three clusters. Thus, all daily activities of adult males and females were segmented into three ventilation levels.
For children, the farthest neighbor and unweighted paired-group average algorithms yielded three distinct clusters of Ve means. The nearest neighbor algorithm was slow to join walking at greater than 3 mph with running, which suggested four clusters (data not shown). The children's activities were segmented into three ventilation levels, which was supported by two of the three joining algorithms.
Once the three ventilation levels were established, the k-means procedure, specifying k = 3, was employed to assign the activities reported in the CARB study to the Ve levels (Table 1) . Most activities were assigned into the low and moderate levels, but a few activities fell into the high level.
Significant differences between age-gender groups were then identified for each of the three ventilation levels using analyses of variance. Using one-way analyses of variance, mean Ve of adults, older adults, and adolescence males (with the exception of the moderate ventilation level) were not significantly different, or were the mean Ve for the corresponding female groups (p>0.05; data not shown). Therefore, Ve for males 13 years of age and above were pooled and Ve for females age 13 and above were pooled. The body weight in that ventilation rates Linkage distance increase with increases in body weight (38) . In this study, Ve was significantly correlated with body weight (Table 4 ; a = 0.05) and was also correlated with age ( Figure 1 . Dendrogram of Ve means of activities of adult males, females, and children using the unweightthe product of the amount of air breathed ed paired-group average clustering algorithm.
per minute for each activity and the number Volume 104, Number 9, September 1996 * Environmental Health Perspectivesof minutes per day in the activity. Given that ventilation rates have not been measured for many activities, ventilation levels were determined for clusters of activities. Ventilation levels were established based on the ventilation rates measured in the CARB study of typical human daily activities. Using three joining algorithms, the Ve means of the activities within each age-gender group were joined into three distinct clusters based on a similarity of Ve means. The activities were then assigned to one of the three ventilation levels using the k-mean procedure, and an analysis of variance was employed to identify significant differences in Ve means of the various age-gender groups. All activities in the CARB study except running were used in the analyses for the adult groups. To describe ventilation rates as accurately as possible for all typical activities, ventilation levels should be based on Ve measured during typical human activity. Because adults spend very little time participating in activities with ventilation rates similar to running (39), the means of Ve for running were excluded from the list of Ve means for activities in the cluster analysis so as to avoid the undue influence of this activity. Running is a more prevalent activity for children (40) ; therefore, running Ve means are included in the cluster analysis for children.
Measurements of ventilation rates for all physical activities are not available and are not likely ever to be available; however, the grouping of the Ve means from the diverse activities in the CARB study into three very distinct clusters by three different algorithms strongly suggests that most daily activities would fall into one of the three distinct Ve levels. Thus, more comprehensive Ve measurements may not be necessary, given that they are probably adequately represented by the activities included in the CARB study.
The ventilation levels resulting from cluster analysis are low, moderate, and high. Using these groupings, the daily inhalation can be estimated as follows: for a given day, a Ve from the distribution of ventilation rates (liters/minute) for a given Ve level is selected and multiplied by the time spent at that level of activity to obtain the liters of air breathed. (8.5) aAssignments to the ventilation groups were made using the k-means procedure.
bActivity and associated mean Ve (I/min) given in parentheses. The mean Ve were previously reported by CARB (39, 40) . NS, not significant Ve and body weight was investigated.
Ventilation rate was correlated with body weight; thus, the correlation coefficient and the distributions for each should be used to establish the joint distribution. Ventilation rates have a lognormal distribution; therefore, the natural log of ventilation rates have a normal distribution. Several investigators have recommended normal or lognormal distributions for body weight (24) (25) (26) (27) (28) . If both factors are normally or lognormally distributed, their bivariate normal distribution can then be determined and accurately represented in Monte Carlo or Latin Hypercube simulations.
Uncertainty
While the CARB study measured Ve for a number of activities, Ve were not ascertained for many physical activities. The use of heart rate (HR) was investigated as a surrogate of Ve. HR is easily measured and has been suggested as a possible predictor ofVe.
The CARB study measured HR and Ve simultaneously, which allowed an evaluation of how well HR predicts Ve using linear regression. In general, HR was found to be poorly correlated to Ve and thus not an appropriate predictor. Another study (41) has reached this same conclusion. HR where n = number of subjects, a = number of activities, x.. = grand mean over all subjects and all activities, x= observed Ve for subject i, activity j, and x= mean Ve for subject i across all activities and activity-level groups. Consider the numerator of the variance in the case of two activities. The overall mean is written as the mean of the activity means, The expected value of this sum of squares provides a gauge of the effect of dependent versus independent observations. The expected value of the first and third terms is unchanged; thus, consider the expected value of the term containing the means over both activities. The covariance term equals zero under the assumption of independent observations; otherwise, the term is positive or negative. The sign of the covariance is the same as the sign of the correlation coefficient. In this analysis, the correlation and covariance are positive; thus, the overall variance is decreased by dependence of observations.
